Results from an analytical study of the response of a built-up, multi-cell noncircular composite structure subjected to combined internal pressure and mechanical loads are presented. Nondimensional parameters and scaling laws based on a first-order shear-deformation plate theory are derived for this noncircular composite structure.
Introduction
The increased performance requirements of future transport aircraft, and the projected increased demand for air travel, suggest that more efficient transport aircraft concepts are the needed. An example of a revolutionary concept for an efficient, large transport aircraft is a blended-wing-body (BWB) type of aircraft, which blends the wings and the fuselage into a single lifting surface. In order to satisfy the weight and performance requirements for the BWB aircraft and other advanced concepts, lightweight structures that exploit the high specific strength, the high specific stiffness, and the design flexibility of advanced composite materials offer a desir- Previous studies of the design of sub-scale structural models for predicting the response of full-scale shell structures have been conducted. 1-3 In these studies, complete similitude and partial similitude between the sub-scale structural model and the full-scale structure are discussed.
In order for there to be complete similitude between the sub-scale structural model and the full-scale structure, all of the scaling laws must be satisfied simultaneously.
In the case of complete similitude, the responses of the sub-scale structural model and the fullscale structure are identical. In some cases, however, complete similitude is difficult to achieve. Such a difficulty may occur when a sub-scale structural model is developed to represent the behavior of a full-scale complex built-up structure subjected to complex loading conditions. Consequently, relaxation of some of the similitude conditions is required, and the sub-scale structural model and the full-scale structure are only partially similar. This relaxation of similitude conditions results in differences in the response characteristics of the sub-scale structural model and the full-scale structure, and intelligent selection of the appropriate sub-scale structural model is required if this model is to be used for predicting the desired response in the full-scale structure.
The present paper has two objectives. The first objective is to present the results of an analytical study of the behavior of a complex, noncircular multi-cell composite structure subjected to combined internal pressure and mechanical loads. These results were determined using the STAGS (STructural Analysis of General Shells) nonlinear finite element code. a The second objective is to present the results of the derivation of nondimensional parameters from the governing equations of motion for selected components of the noncircular multicell composite structure of interest, and to use these parameters to develop scaling laws for designing sub-scale structural models that could be used for structural tests.
Scaled models with both complete and partial similitude are discussed.
In the case of partial similitude between the sub-scale structural model and the full-scale structure, results from analytical parametric studies are presented, and these results are used to determine the effects of relaxing selected similitude conditions or scaling laws on the sensitivity of the effectiveness of using the subscale structural model response characteristics for predicting the full-scale structure response characteristics.
Finite-element Models and Analysis
Structural Models ..
The geometry of the full-scale structure analyzed in the present study is representative of a portion of the center-body region of a blended-wing-body aircraft, and is defined in Fig. 1 . This region is referred to herein as the center-body structure.
The span-wise and chord-wise dimensions and spar depth of the full-scale center-body structure are equal to 185 in., 477 in., and 120 in., respectively. The leading edge structure is represented by a cylindrical shell segment with a radius equal to 60 in. and an arc-length equal to 188.5 in. (180°of arc). The cover panels and leading-edge structures are thick sandwich structures with a 5.0-inch-thick aluminum honeycomb core and 0.110-inch-thick graphite-epoxy facesheets.
The spars are thick sandwich structures with a 2.0-inch- Tables 1 and 2 , respectively. The 0°fiber direction, and the core ribbon direction are aligned with the x-axis (span-wise direction) of the center-body structure shown in Fig. 1 Table 1 for the graphite-epoxy preform material are assumed to be representative of the monolithic laminates. Loads applied to the sub-scale structural models were obtained from the appropriate scaling laws for the loads, which are presented in a subsequent section.
A typical finite element model used to simulate the response of both the full-scale and the sub-scale structural models is shown in Fig. 1 . The structure with the Kinematic boundary conditions applied to the model shown in Fig. 1 consist of setting the v and w displacements of the cover panels equal to zero along the boundary corresponding to y = 0 inches, and setting the u displacement of the structure equal to zero on the boundary corresponding to x = 185 inches. The loading condition for the model consists of two parts. The internal pressure is simulated by applying a uniform lateral pressure to the cover panels, the aft spar, and the leadingedge structure. In addition, a distributed span-wise tension load is applied to the center-body structure, along the x = 0 inches boundary, to simulate a bulkhead pressure load. For the combined loading condition, the spanwise compression load is simulated by applying a distributed load along the x = 0 edges of the center-body structure.
Nonlinear Analysis Procedure
The structural response characteristics were predicted analytically using the STAGS (STructural Analysis of General Shells) nonlinear shell analysis code.
STAGS is a finite-element code developed for the nonlinear static and dynamic analysis of general shells, and includes the effects of geometric and material nonlinearities in the analysis. The code uses the modified and full Newton methods for its nonlinear solution algorithms, and accounts for large rotations in a shell by using a corotational algorithm at the element level. The Riks pseudo arc-length path-following method is used to continue a solution past the limit points of a nonlinear response.
The nonlinear response of the center-body structures subjected to combined internal pressure and spanwise compression loads was determined using the following analysis procedure. First, a live pressure load was applied to the structure, and then a span-wise compression load was applied to the pressurized structure. The derivation of the nondimensional equations is given in Appendix A. Scaling laws for built-up noncircular composite structures subjected to combined loads are developed using the resulting nondimensional parameters.
Nondimensional
For completeness, similar nondimensional parameters and scaling laws could be developed for the curved leading-edge structure. However, it was found that the parameters and scaling laws developed for the cover panels were sufficient to characterize the response of the leading-edge structure for the geometry and loading conditions considered in this study. Therefore, additional nondimensional parameters and scaling laws for the curved leading-edge structure were not developed.
Nondimcn_ional Parameters
The governing equations of motion for shear de- 
and Parameters representing the ratios of transverse shear stiffnesses and the plate aspect ratio are defined in Eqs.
(9) and (10), respectively, as follows
where G13 and G23 are transverse shear stiffnesses of the plate. Nondimensional in-plane displacements of the reference surface are given by 
where q is the applied normal stress or internal pressure and T and D are given by
Values of the nondimensional parameters for the fullscale center-body structure and the sub-scale sandwich and monolithic-laminate structural models are given in Table 3 .
Scaling Laws
Scaling laws for noncircular shear-deformable, built-up composite structures subjected to combined internal pressure and mechanical loads are described in this section.
The nondimensional partial differential equations given in Appendix A govern the response of a flatplate element of the full-scale structure and the sub-scale structural models, e.g., cover panels and spars. Thus, a necessary condition for complete similitude between the full-scale structure and a sub-scale structural model is Fig. 4 .
Effects of Partial Similitude
Results from the previous section indicate that partial similitude can have a significant effect on the pre- 
Concluding Remarks
Results of an analytical study of the behavior of a complex, built-up noncircular multi-cell composite structure subjected to combined internal pressure and mechanical loads are presented. In addition, the derivation of nondimensional parameters from the governing equations of motion for selected components of the builtup multi-cell structure is presented, and these nondimensional parameters are used to develop scaling laws for use with sub-scale structural models that can simulate the response of the full-scale structure.
Sub-scale structural models with both complete and partial similitude are discussed.
In the case of partial similitude between a subscale structural model and the full-scale structure, results from analytical parametric studies are presented, and are used to identify the sensitivity of the structural response characteristics to relaxation of similitude conditions for different scaling laws.
The results indicate that partial similitude can affect the accuracy of full-scale structural-response predictions that are predicted from sub-scale structural models, and that the sensitivity of the response to these effects can be affected by the loading conditions and by the shell-wall construction concept used for the structure. 
and nondimensional in-plane displacements are given
Similarly Eq. (A2) becomes 
and ....
Similarly, Eq. (A4) becomes 
